ABSTRACT
INTRODUCTION I
n selecting biomaterials for tissue-engineering applications, it is important to consider the physical and biologic properties of the tissue that is to be targeted and the unique requirements that are demanded for its repair and regeneration. Biological compatibility with the host is the primary requirement for using a biomaterial in a clinical scenario, because cell proliferation and tissue formation are dependent on the interaction between the cells and the matrix. 1 Furthermore, the biomaterial should be resistant to thrombosis, non-toxic, and non-inflammatory. 2 A second criterion for selection of a biomaterial scaffold is the renewing potential of the target tissue. If the native tissue actively renews as a natural physiologic process (e.g., skin), then it would be appropriate to facilitate tissue regeneration through the use of biodegradable cell scaffolds that degrade as new tissue regenerates (in vitro or in vivo). 2 Slowly degrading hydrogels (hylans AU3 c ) containing longchain (MW >2Â10 6 Da) hyaluronan (HA), a glycosaminoglycan (GAG) component of connective tissues, and crosslinked with divinyl sulfone (DVS), are potentially excellent biomaterials for vascular and other soft-tissue applications. HA offers many unique advantages as a building block for biomaterials. HA has been employed in many medical applications, such as in promoting cell mobility and differentiation in wound healing, 3 and for its unique rheological properties in visco-supplementation and visco-surgery. 4, 5 HA offers the benefits of low levels of hypersensitivity or immune rejection when implanted and can be chemically crosslinked with DVS to form hylans that mostly retain the above benefits. Hylans exhibit significant flexibility in their mechanical properties and rheology, ideal for application in a variety of soft-tissue regenerative and healing applications. Over the last decade, HA biomaterials have spawned a number of commercial products applicable for use as tissue spacers, 3 ocular implants, 5 drug-delivery vehicles, 6 and joint lubricants. 4 However, previous studies have suggested that hylan gels containing long-chain HA (MW >1Â10 6 Da) interact poorly with cells and exhibit poor mechanics, both of which are detrimental to their intended use as cell scaffolds. 7, 8 This has been attributed variously to their physical properties (porosity, pore size, extreme hydrophilicity), chemical characteristics (anionicity, degree of hydration, crosslinker), and biologic composition (long-chain vs. fragmented HA). Of these parameters, the size of component HA chains seem to most critically influence cell response to hylans. Native longchain HA has been implicated in cell-excluding mechanisms, whereas HA fragments, especially HA oligosaccharides, elicit enhanced cell responses, although these may be exaggerated and undesired. 6 The use of hylan gels as tissue-engineering scaffolds may thus necessitate a need to optimize gel composition and post-formulation tailoring strategies to more closely modulate the physical and biologic characteristics to elicit ideal cell responses specific to target cell type on one hand and maintain material biocompatibility on the other. One method that has been explored in this context, but with materials other than hylans, is controlled irradiation with gamma (g) rays. Gamma-irradiation has been previously implicated in strengthening natural (e.g., collagen) and synthetic (e.g., polyethylene) polymers, increasing their resistance to mechanical degradation and ensuring their sterility. 9 Furthermore, g-irradiation has been shown to encourage cell interactions. 10 The purpose of this proof-of-concept study was to explore the utility of g-irradiation to modulate the physical properties of hylan gels and to cursorily assess the effect of such irradiation treatments on cell response to the material. In the current study, we methodically explored the effects of g-irradiation on hylan gel properties by assessing the effects of g-irradiation on hylan gel properties and the effect of long-term (60 days) storage on stability of irradiated gels, exploring the effect of g-irradiation on cellbinding properties of hylan gels and their proliferation, and determining the effect of gel hydration on the outcome of irradiation treatments, particularly with respect to gel swelling mechanics, pore size, and pore morphology.
MATERIALS AND METHODS
Hylan gels were prepared in house using an adaptation of a method previously described by Balazs and coworkers.
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One sub-set of gels was irradiated with g rays in a vacuum environment, and a second set was left untreated (control). Swelling tests were performed to study the effects of g-irradiation on the bulk hydrophilicity of gels, possibly influenced by the influence of g rays on chemical crosslinks within gels and on stability of the component HA chains. Contact-angle measurements were made on the surface of girradiated hylans and non-irradiated control gels to gauge the effects of g-irradiation on surface hydrophilicity. Compression tests correlated mechanical properties with the observed chemical or biologic effects of g-irradiation on the hylan samples. Scanning electron microscopy (SEM) was used to determine whether g-irradiation alters the texture (porosity, pore size, etc.) of the hylan gel surface or interior structure. Finally, short-term (7 days) cell-culture studies were performed to compare cell attachment, viability, morphology, and proliferation atop the irradiated and control hylan gels.
Formulation of hylan gels and post-formulation wash protocols
Hylan gels were prepared in house using a method based on one previously patented by Balazs and Leschchiner. 11 Long-chain HA (1.5Â10
6 Da) was obtained as a sodium salt (NaHa) from Genzyme Biosurgicals (Cambridge, MA). To formulate the gels, NaHa was thoroughly mixed with 2 mL of 1M sodium hydroxide (NaOH), pH 13.0 (48C; 30 min) and 5.6 g of 1M sodium chloride (NaCl). Mixing was effected by repeated transfer of the mixture between 2 sterile syringes connected using a leur-lock barrel (3-way valve). The mixture was stored over ice for 2 h, centrifuged for 10 min at 1000 g to remove air bubbles, and then homogenously crosslinked with an emulsion of DVS crosslinker (Sigma Chemicals, St. Louis, MO) with continuous mixing. The crosslinked mixture was immediately cast in 12-well plates (A b AU4 ¼ 2.5 cm 2 ) and allowed to gel for 2 h. The resulting hydrogels contained roughly 4% by weight of HA. Crosslinker amounts were varied to obtain gels of 2 formulations: one containing 3:1 w/w ratio of HA to DVS, corresponding to a 74-mL volume of DVS (F1 gels), and a second formulation containing a 2:1 w/w ratio of HA to DVS, corresponding to a 118-mL volume of DVS (F2 gels).
After solidification, F1 and F2 gels were equilibrated with a 70% v/v isopropanol/1M NaCl mixture (2 cycles, 2h/ cycle) to restrict swelling of the gels upon hydration with 2 
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TEN-06-0196-Srinivas.3d 12/06/06 6:17pm Page 3 aqueous media, as described previously, 11 and to leach out any unreacted DVS. The gels were then equilibrated with an excess of 1M NaCl (2 cycles, 3h/cycle) to remove NaOH and limit swelling. Finally, the gels were kept hydrated in 1M NaCl until they were tested, to prevent drying. While the effects of long-term storage of hylan gels were being studied, the gels were kept hydrated in 1M NaCl over a 60 days at 48C to prevent drying and limit excess swelling. Gels intended for cell culture studies were equilibrated with serum-free Dulbecco's modified Eagle medium DMEM:F12 culture medium (Invitrogen, Grand Island, NY) after the wash protocol.
Irradiation with g
Hydrated F1 and F2 hylan gels were g-irradiated in vacuum, and the resulting effects on their physical and biologic properties were studied. The gels were irradiated with g-rays within a radioactive cesium-137 g-irradiation system (Model-M Gammator, Isomedix Inc., Mentor, OH).
During irradiation, the gels were accommodated within a specially designed vacuum chamber ( Fig. 2 .1 AU5 c ) composed of a poly-methyl methacrylate (PMMA) chamber (10 cm highÂ5 cm diameter), a stainless steel lid with rubber gasket, and a polyvinyl chloride valve. PMMA was chosen as the material for construction of the vacuum chamber because of its high optical clarity and its resistance to degradation upon prolonged or repeated exposure to g-rays. A vacuum pressure station (Barnant Co., Barrington, IL) connected to the vacuum chamber was used to completely evacuate the air from within the vacuum chamber down to 20 mmHg. Retention of vacuum within the chamber was assessed by incorporating BBL AU6 c dry anerobic indicator strips (Beckton Dickinson, MD) within. When wet, the indicator strips gradually turn white upon complete evacuation of air. The hylan gels (n ¼ 6; 3 gels/formulation per dosage) were irradiated at a dose rate of 1.5 kGy/h to limits of 0 (control), 1.5, 3, 6, 9, and 13.5 kGy. Gels were maintained at room temperature (258C) and kept hydrated in 1M NaCl during the irradiation process. For longterm storage studies, the gels were stored in 1M NaCl at 48C after irradiation for up to 60 days. To study the effects of gel hydration on irradiation outcomes, after the washing steps, gels were lyophilized overnight, immediately irradiated, re-hydrated with 1M NaCl, and tested as described further.
Swelling tests
Swelling tests were performed to study the effects of g-irradiation on the bulk hydrophilicity of gels, which its effect on existing chemical (DVS) crosslinks, creation of new crosslinks, or possible polymerization or de-polymerization of native HA chains could hypothetically influence. To perform sorption measurements, hydrated hydrogel discs (A ¼ 7 cm 2 ) were frozen in liquid nitrogen and then lyophilized overnight under vacuum at room temperature. The dried gels in each group (n ¼ 3 gels/dosage per formulation) were weighed and then placed in 1M NaCl at room temperature; the weight gain was measured at 10-min intervals (over the first 2 h) and at approximately hourly intervals thereafter for up to 24 h. The excess NaCl was removed by blotting samples on bibulous paper, and the weight of the swollen sample was recorded using a sensitive balance (OH AUS, Pine Brook, NJ). The aqueous solution was changed every 40 min to leach out the excess NaCl within. The swelling ratio is inversely proportional to the extent of crosslinking and was calculated using the following formula:
With gel mass after swelling ¼ W s and dry gel mass ¼ W d
Mechanical Testing
Compression testing was performed to correlate mechanical properties with the observed chemical or biologic effects of g-irradiation on the hylan samples, stored for 0 and 60 days post-irradiation. All material testing was carried out on an MTS Synergie-100 electromechanical machine with a machine controller (MTS System Corp., Minneapolis, MN). Machine control and data acquisition were effected using MTS TestWorks 4 software. Circular gel samples (n ¼ 3 gels/dosage per formulation) of diameters between 3 and 4 cm and thicknesses between 7 and 8 mm were compressed without constraining the edges (unconfined compression testing). A 50-N (10 lbf) tension/compression rated load cell was used to measure the compressive modulus and failure strength of the hylan gels. For compression tests, the top platen was brought down at a speed of 1 mm/s with a data acquisition rate of 100 Hz. The test ended if the platens came within 3 mm of each other. Compression-to-failure tests were also performed wherein the gels were completely compressed to failure and the load to failure was calculated. All tests were performed in air, and the gels were kept hydrated in 1 M NaCl while being compressed. The load-versus-displacement data were converted into stress (pascals) versus strain (%) using TestWorks 4.0 software b AU7 . The slope of the stress-strain curve between 20% and 30% of strain was taken as the compressive modulus, as appropriate for clinical applications. 12 Although such moduli can be much higher when measured at high strains (70-80%), such data follow a non-linear regime and are representative of a thin film, which is not realistic for the hylan gel.
Surface analysis
SEM was performed to determine whether irradiation with g-rays alters the surface morphology and pore sizes at the hylan gel surface and interior, which are important to cell adherence and infiltration. In preparation for SEM, hydrated gels were snap-frozen in liquid nitrogen to preserve the hydrogel structure in the swollen state and then freeze-dried overnight (n ¼ 3 gels/dosage per formulation).
MODULATION OF HYLANS WITH GAMMA
The dried gel samples were coated with gold for 4 min using a SPI-Module Sputter Coater (Structure Probe, Inc., West Chester, PA) and imaged on an SEM ( Jeol 100-JSM 5410 LV, Pleasanton, CA) at magnifications ranging from 150Âto 1500Â(n ¼ 6 locations/gel). To examine the interior structure of the hylan samples, the frozen gels were snap-fractured and the interior surface sputter-coated with gold and viewed. Average pore sizes of the interior pore structures were calculated using Image J software. A straight line was drawn along the longest length of the interior pores (n ¼ 9), and the corresponding distance in pixels was obtained. The pixel number was interpreted in terms of actual length in microns by referencing with a scale bar generated by the SEM image-capture software. In other experiments, hylan gels stored for 0 and 60 days post-irradiation were similarly processed and analyzed using SEM (n ¼ 3 gels/formulation per dose per time point).
Surface hydrophilicity
Contact-angle measurements were made on the surface of g-irradiated hylans and non-irradiated control gels (n ¼ 3 gels/dosage per formulation) to gauge the effects of g-irradiation on surface hydrophilicity. Contact angles were measured using a sessile drop method on a CAM-200 optical contact angle meter (KSV Instruments, Monroe, CT AU8 c ). Drops (9 mL) of the wetting liquid (mounting medium) were layered manually with a syringe onto the surface of non-irradiated (control) and g-irradiated gels at 0 and 60 days after irradiation in a hydrated state (n ¼ 3 gels/dosage per formulation per time point), and the image of the droplet was analyzed using the built-in software. Contact angles on either side of the drop were calculated using the Young/Laplace fitting method on built-in software. The effects of g-irradiation on the gel surface were assessed by measuring the changes to contact angle generated by droplets of a highly viscous and relatively non-spreading liquid (i.e., mounting medium). Although mounting medium does not have physiologic significance, the generalized droplets on hylan surfaces yield contact angles that can be reliably measured, unlike other biologic fluids such as fetal bovine serum, which would be of direct relevance to the intended tissue-culture applications. The relative increase or decrease in the hydrophilicity of the hylan surface can be known from contact angles measured using mounting medium for different groups (i.e., dosages, formulations) of samples. The contact angle was measured as the average angle between the surface and the tangent drawn to the surface of the droplet at the interface at the right and left extremities of the droplet. All reported contact angle data are mean values AE standard deviations of 3 liquid drops on each specimen, with 6 repeat fits performed on each droplet.
Cell culture
Low-passage (i.e., passage 2) adult rat aortic smooth muscle cells (Cell Applications, Inc., La Jolla, CA) and were comparatively assessed for attachment, viability, and proliferation when seeded atop control and irradiated hylan gels. Before culture, stock cells were trypsinized (0.25% trypsin/ 0.1% ethylenediaminetetraacetic acid (EDTA); Life Technologies, Grand Island, NY), pelleted using centrifugation, and then re-suspended in DMEM:F12 (containing 10% v/v fetal bovine serum and 1% v/v penicillin-streptomycin). A 1-mL aliquot of cells (1Â10 5 /mL) was seeded onto nonirradiated control and irradiated (6 kGy; vacuum) hylan gels (A ¼ 6.96 AE 0.56 cm 2 ) contained within wells of a 6-well tissue culture plate. Cells were cultured in the same medium for up to 7 days, with medium changes twice weekly. Before harvesting at 1 and 7 days, the gels with adherent cell layers were carefully upturned and imaged using an inverted phasecontrast microscope (Axiovert 2000, Carl-Zeiss, Thornwood, NY) to judge cell attachment and morphology.
DNA assay for cell proliferation
Deoxyribonucleic acid (DNA) content was used to assess the proliferation of smooth muscle cells in culture. The amount of DNA per cell was assumed to remain unchanged through the period of culture, as shown previously. 13 Cell layers at 1 and 7 days of culture were gently rinsed with 1% (v/v) Ca 2þ -and Mg 2þ -free phosphate buffered saline, overlaid with 1 mL of 0.25% trypsin/0.1% EDTA per well, and incubated at 378C for 10 min. The loosely detached cell layers were scraped off the substrate, pelleted using centrifugation, and resuspended in 1 mL of Pi buffer (50 mM disodium hydrogen phosphate dodecahydrate, 2 mM EDTA, 0.02% sodium azide, pH 7.4) and used to determine DNA content. A 20-mL aliquot was removed, and the relative numbers of trypan blue-positive viable cells and non-viable cells were counted in a hemacytometer. The remaining cell suspension was sonicated over ice to lyse the cells and release their DNA. DNA within the homogenate was measured using the fluorometric method described by Labarca and Paigen. 13 Actual cell counts were then calculated on the basis of the 6-pg/cell value published in previously. 13 
Statistical Analysis
All experiments were performed at least in triplicate. Microsoft Excel's (Redmond, WA) statistical function of ttests, assuming unequal variance and two-tailed distribution, was used to determine the significance of any pairs of observed differences. Differences were considered statistically significant at p < 0.05. All quantitative results are reported as means AE standard deviations.
RESULTS
Irradiation of hydrated hylans in a vacuum atmosphere resulted in lowered swelling capacity, general structural weakening, increased elasticity, irregular surface texturing, increased interior pore size, and increased surface hydrophilicity, in direct correlation with the received dose of gamma irradiation. Unexpectedly, long-term (<60 days) storage of the gels after irradiation also resulted in their gradual structural deterioration, although irradiation with gamma enhanced the adherence, spreading, and proliferation of rat aortic smooth muscle cells atop hylans, quite unlike their behavior when seeded atop unmodified hylan gels. The results also suggest that short-term and long-term degradation of irradiated hylan gels may be related to the hydrated state of the gels during irradiation treatment.
Immediate and long-term effects of g irradiation on hylan gel properties Swelling behavior. Swelling studies performed on F1 and F2 gels immediately after irradiation treatment indicated a general trend of swelling ratios showing an initial increase at low irradiation doses with consistent decreases in the same with further increase in irradiation dose ( F1 c Fig.  1A , B). For both formulations and for received doses of less than 6 kGy, steady-state swelling was attained at approximately 200 min; at higher doses, the time to attain steadystate decreased dramatically (*20 min). Control F1 and F2 gels, not irradiated with g, showed marginal decreases (3 AE 1% for F1 gels and 5 AE 1% for F2 gels) in swelling ratios after 60 days of storage. Gels stored in 1M NaCl for 60 days after irradiation, then lyophilized and rehydrated, exhibited trends similar to gels tested at 0 days, except that the initial increase in swelling ratios were restricted to low received irradiation doses (<3 kGy; Fig. 1A, B) ; at higher doses, gels exhibited increasingly lower swelling ratios. However, such decreases were far less significant than those observed for the gels tested immediately after irradiation (0 days of storage). An important difference between gels tested at 0 days and 60 days was that the latter exhibited compromised stability, at far lower irradiation dosages than those observed for the freshly irradiated gels (>9 kGy); the long-term stored gels exhibited signs of degradation (fraying at edges, softening, and dissolution) at irradiation doses of 3 Kgy and above for F1 gels and 6 kGy and above for F2 gels. At doses above the specified limits, the gels, especially the F2 gels, appeared to degrade dramatically until no further swelling measurements were possible.
Compression moduli. The compressive moduli of irradiated and non-irradiated control gels of F1 and F2 formulations for 0-and 60-day time points were determined at 25% compressive strain. At both time points, in general, the compressive moduli of F1 and F2 gels correlated inversely with the received irradiation dose ( F2 c Fig. 2A, B) . The compressive moduli for F2 gels were significantly and consistently higher than those of the F1 gels across the range of tested irradiation dosages at both time points. For gels tested at 60-day time points, it was seen, as dosage limits increased (>9 kGy), that the gels degraded dramatically until no further compressive testing was possible.
Irradiation with g did not significantly influence the ultimate strain at failure for F1 or F2 gels at 0 and 60 days of post-irradiation storage ( b F3  Fig. 3A, B) . Also, at specified doses, there was no apparent difference in maximal (failure) compressibility between gels stored post-irradiation for 60 days and those tested immediately. However, the ultimate failure strain for F1 gels appeared significantly lower when tested after 60 days of storage (Fig. 3A) .
Pore morphology and pore size
The average pore size of F1 and F2 gels (imaged at 0 days) correlated directly with the irradiation dose. For F1 gels, the average pore sizes consistently increased up to a dose limit 
b AU16
Time profile of swelling of hylan gels, one containing 3:1 w/w ratio of hyaluronan (HA) to divinyl sulfone (DVS), corresponding to a 74-mL volume of DVS (F1) (A), and a second formulation containing a 2:1 w/w ratio of HA to DVS, corresponding to a 118-mL volume of DVS (F2) (B), when irradiated under vacuum and tested at 0 and 60 days. F1 and F2 gels both contained 3% w/w of HA, but contained HA-to-crosslinker ratios of 4:1 and 2:1 w/w, respectively. Shown are the means AE standard deviations of swelling ratios measured at each time point until steady state (n ¼ 3/formulation per dosage). Statistical significance of differences was deemed to be p < 0.05 and is represented as *.
MODULATION OF HYLANS WITH GAMMA of 6 kGy; at higher irradiation doses, the pore sizes showed a significant and consistent decrease until the pore sizes were ultimately smaller than the respective control gels ( F4 c Fig. 4A ). For F2 gels, this trend was maintained, although decreases in pore size occurred only at irradiation doses greater than 9 kGy (Fig. 4B) . The trend was, however, different for F1 and F2 gels tested 60 days after irradiation. In general, although the pore sizes for F1 gels decreased after 3 kGy, the pore sizes of F2 gels remained relatively unchanged at higher irradiation doses. Irrespective of the duration of storage, F1 and F2 gels that received 13.5 kGy of g-irradiation exhibited completely collapsed structures with no visible pores ( F5 c Fig. 5 ). Also, for identical gel types (F1 or F2) receiving identical doses of irradiation, the average pore sizes after 60 days of storage were consistently higher than those of gels irradiated immediately after girradiation (Figs. 4A, B) .
Surface hydrophilicity
Irrespective of the duration of storage, the contact angles generated by droplets placed atop F1 and F2 gels increased in direct correlation with received doses of irradiation ( b F6  Fig.  6A, B) . For identical received doses, the contact angles generated atop F1 gels were significantly higher when measured after 60 days in storage than those measured at the 0-day time point; such differences were only marginal for the F2 gels. Irrespective of storage time, irradiated F2 gels consistently exhibited higher contact angles than identically irradiated F1 gels. Both gel types showed degradation at high irradiation doses (>6 kGy), which prevented reliable measurement of contact angles.
Cell culture on irradiated hylans
Cell attachment on non-irradiated control gels was sparse at day 1 and likewise at day 7. The cells appeared rounded and clustered, and most appeared to be loosely adherent on the surface ( b F7  Fig. 7A, B) . Although cell attachment on irradiated gels was not totally uniform at day 1, a significant area of the gel surface was covered with a monolayer of
FIG. 2. Compressive moduli at 25% strain for hylan gels irradiated and tested at 0 days (A) and 60 days (B)
. Shown are the means AE standard deviations of moduli for a formulation containing 3:1 w/w ratio of hyaluronan (HA) to divinyl sulfone (DVS), corresponding to a 74-mL volume of DVS and a second formulation containing a 2:1 w/w ratio of HA to DVS, corresponding to a 118-mL volume of DVS (n ¼ 3/formulation per dose per time point). Statistical significance of differences between 0 and 60 days was deemed to be p < 0.05 and is represented as *.
FIG. 3.
Effects of g-irradiation on ultimate failure strain of vacuum-irradiated hylan gels. Shown are the means AE standard deviations of failure strain measured at 0 days (A) and 60 days (B) of storage for a formulation containing 3:1 w/w ratio of hyaluronan (HA) to divinyl sulfone (DVS), corresponding to a 74-mL volume of DVS and a second formulation containing a 2:1 w/w ratio of HA to DVS, corresponding to a 118-mL volume of DVS gels (n ¼ 3/formulation per dosage per time point). Statistical significance of differences was deemed to be p < 0.05 and is represented as *. Control gels were not irradiated.
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TEN-06-0196-Srinivas.3d 12/06/06 6:17pm Page 7 fusiform or spread cells (Fig. 7C ). This cell layer appeared much more confluent at day 7 (Fig. 7D) . In other sporadic peripheral regions, however, cells appeared rounded and formed clusters (Fig. 7E, F) , which, unlike with the control gels, were robustly attached. A DNA assay conducted on the 1-day-old cell layers showed that 11 AE 8% and 87 AE 13% of cells seeded atop the control and irradiated gels, respectively, attached. At 7 days of culture, DNA content of the corresponding cell layers was 68 AE 46 ng and 519 AE 78 ng, respectively. Cell viability for non-irradiated control gels was 76% AE 4% and 39% AE 6% at days 1 and 7, respectively. The corresponding figures for the irradiated gel substrates were 93% AE 6% and 98% AE 2% at days 1 and 7, respectively.
Effect of gel hydration on irradiation outcomes
Swelling behavior. Lyophilized hylan gels of F1 and F2 formulations were irradiated under vacuum at a single dosage (6 kGy), and the post-irradiation gel swelling properties were compared with those of gels irradiated under hydrated conditions. When immersed in 1M NaCl, lyophilized F1 gels rehydrated to a steady-state swelling ratio of 4.8 AE 0.1 approximately 80 min after immersion, whereas lyophilized F2 gels rehydrated to a steady-state swelling ratio of 3.7 AE 0.1 in approximately the same amount of time as F1 gels. Further swelling was insignificant over the following 18 h. The swelling ratios were consistently lower than the steady-state swelling ratios obtained for the same gel types when identically irradiated but in a hydrated state (5.6 AE 0.0 for F1 gels and 7.2 AE 0.1 for F2 gels). Gels that were irradiated under lyophilized conditions and then reconstituted also appeared more compact and exhibited significantly better handling properties than those irradiated in a hydrated condition. Swelling ratios of F1 and F2 gels irradiated in a dehydrated state were also found to be consistently and significantly lower than the steady-state swelling ratios for the non-irradiated control gels (7.3 AE 0.1 for F1 controls and 7.1 AE 0.2 for F2 controls; p < 0.05).
Pore morphology and pore size. Lyophilized gels were irradiated to a single dosage (6 kGy), and their pore size and morphology were compared with those of non-irradiated 
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controls and identical gels irradiated in a hydrated state using SEM. The average pore sizes of F2 gels were significantly greater than the average pore sizes of F1 gels irradiated under similar conditions ( F8 c Fig. 8 ). For F1 gels, the average pore sizes of gels that were irradiated under hydrated conditions were significantly larger than those of similar gel types that were lyophilized initially before irradiation, whereas for F2 gels, the relationship was the opposite. The above results are confirmed on analysis of the representative SEM pictures ( F9 c Fig. 9 ), wherein we see that the pore sizes of lyophilized F2 gels are significantly larger than those of hydrated-irradiated F2 gels and vice versa for F1 gels at the same magnifications (350Â).
DISCUSSION
The in vivo implantation of biomaterials to enhance the longevity and performance of non-cellular bioprosthetic devices, or as scaffolds to facilitate in vitro or in vivo regeneration of tissues or organs, demands that they be non-cytotoxic, biocompatible, non-antigenic, and non-immunogenic. Because of the preserved homology of its structure across species, HA, and often its crosslinked derivatives, is naturally biocompatible and is thus potentially an excellent implant material. To ensure the successful fulfillment of its intended use in vivo, it is important that its properties, including mechanics, surface hydrophilicity, and topography (important to cell adherence for tissue culture applications); pore size (important to cell infiltration); and swelling and degradation rates be modulated to match the demands of the target application b AU9 . The overall objective of this study was to identify an appropriate technique to simultaneously and noninvasively modulate one or more of the above properties of HA biomaterials. A more-specific goal is to determine whether controlled irradiation with g rays can favorably 
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17-22
In the current study, we explored the effects of g on gels composed exclusively of high molecular weight (>1 MDa) HA, crosslinked with DVS. DVS crosslinks hydroxyl groups on the HA chains under alkaline conditions to yield stable hydrogels (hylans) containing sulfonyl linkages, as shown in the schematic below. by hylan gels are that their physico-chemical properties may be sensitively modulated over wide ranges to obtain biomaterials custom-optimized for specific applications. Previous studies have extensively characterized the physicochemical properties of hylan gels such as water binding, swelling ratio, elastic moduli, viscous moduli, shear viscosity, storage moduli, phase angle, and others as functions of gel formulation parameters including HA molecular weight, HA content or weight, HA-to-DVS weight ratio, alkali concentration during crosslinking, and post-formulational equilibration with alcohol or salt solutions, 11, 24 The first set of studies presented in this work evaluated the immediate and long-term effects of g-irradiation on hylan gel properties. Two formulations of hylan gels (F1 and F2), irradiated with g, exhibited diminished swelling characteristics when tested as a function of received dose 60 days after irradiation. Furthermore, gels tested at the 60-day time point exhibited lower elastic moduli and failure strength than when tested immediately after irradiation (0 days). These gels also exhibited complete and dramatic degradation characteristics at low irradiation doses (6 kGy), which did not cause any apparent changes to gel stability immediately after irradiation. These results suggest 2 possibilities: that g introduces new crosslinks into the HA network within the gels, causing a reduction in swelling and that g de-polymerizes native HA to create shorter HA fragments that have lower capacity for water absorption. 25 In the current context, we reject the first hypotheses that new crosslinks are formed after g-irradiation continually over 60 days of storage of the gels, particularly because irradiated gels subject to long-term storage exhibited indications of fraying and degradation not reflective of crosslink-mediated reinforcement; rather, it is likely that residual energized free radicals, created within the hydrated gel in the presence of dissolved oxygen, persist and execute their disruptive effects immediately during storage (because free radicals have a half-life of only a few seconds), thus resulting in decreased swelling ratios and compromised handling properties. Previous work that showed that g-irradiation of aqueous solutions generates hydroxyl radicals, which mediate radical reactions, supports our hypothesis that free radicals are created and persist within hydrated gels. 26, 27 However,asmentionedbefore,thesefreeradicalscauseimmediate gel degradation during storage, after g-irradiation, and therefore long-term gel degradation may alternately be due to the presence of HA-degrading microbial contaminants that cause further gel degradation over the prolonged period of storage. The appearance of the physical markers of free radical disruption of gels at lower irradiation doses for F1 gels (3 kGy) than for F2 gels (6 kGy) may be attributed to a much more tightly chemically crosslinked HA network in the latter gels that provides greater structural stability and capacity to survive higher irradiation doses intact.
The trend observed during SEM analysis concurs with this above hypothesis that g-irradiation splices long-chain polymeric HA molecules and inter-chain DVS crosslinks to MODULATION OF HYLANS WITH GAMMA 9 morph the gel into one containing progressively larger pores. The observed decrease in pore sizes for gels imaged at 0 days (>6 kGy) as opposed to gels imaged at 60 days (>3 kGy) is again likely due to the short-term destruction by random high-energy radicals generated in dissolved oxygen within hydrated gels, despite irradiation in a vacuum atmosphere. Again, microbial degradation may be responsible for observed gel degradation during long-term, post-irradiation storage.
At 0 days of storage, the contact angles generated on the surface of F2 gels were consistently higher than those of the F1 gels, likely due to a lower degree of water uptake by F2 gels, a possible outcome of the greater density of DVSinduced crosslinks. The higher contact angles measured on the surface of F2 gels suggests greater hydrophobicity or, equivalently, lower hydrophilicity than the F1 gels, 28 although on the basis of the absolute values of the contact angles, F1 and F2 can only be categorized as highly hydrophilic. In general, for freshly prepared F2 gels, contact angles measured after successively higher irradiation doses of g were slightly, but not significantly, higher than those measured on the surface of the non-irradiated gels, as observed by overlapping error bars in Figure 6B (closed diamonds). Surface roughness and hydration state of the polymer influence wettability. 29, 30 For a surface generating contact angles of less than 908, a decrease in roughness can result in a greater contact angle. 29 Also, reduced hydration can result in reconfiguration and even partial collapse of the polymeric (i.e., here, HA) chains to reduce hydrophilicity of the exterior and restrict water penetration. Based on literature review, we would expect that g irradiation would introduce polar surface groups that would enhance water sorption and thus hydrophilicity (i.e., wettability) of the surface. 26, 31 However, concomitantly, g can also modify exposed -OH (and likely -COOH) groups, especially on surface HA chains, as reported previously, 31 and thus decrease water binding and sorption to effectively create a less hydrophilic surface. Also, we hypothesize that gradual g-dose-dependent changes in surface pore structure and size, specifically pore consolidation and increase in size and ultimately pore collapse, that can reduce water sorption by capillary action and thus maintain status quo with respect to surface hydrophilicity likely nullifies any marginal increase in water sorption or entrapment. Such inverse correlations between total water sorption and surface hydrophilicity have been previously described. 32 In the case of F1 gels, g-irradiation likely similarly introduces surface polar groups that could increase surface wettability (i.e., lower contact angle), but it is possible that more-significant g-induced pore widening and collapse (relative to F2 gels), which can greatly reduce water 
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TEN-06-0196-Srinivas.3d 12/06/06 6:17pm Page 11 sorption and decrease in surface wettability, and increased fragmentation of the less-densely crosslinked HA chains, to reduce ability to entrap water, reverses this outcome AU10 c . This could explain the marginal decrease in surface hydrophilicity of F1 gels upon g irradiation (Fig. 6A, closed diamonds) . In general, the trends described above were maintained after 60 days of storage after irradiation. For F1 but not F2 gels, the contact angles measured after 60 days of storage were found to be higher than when measured at 0 days of storage. This trend additionally supports our aforementioned hypothesis that continued fragmentation of HA chains occurs during storage after the irradiation treatment, for reasons that have been outlined above, and thus influences water binding and hence wettability.
In the second set of studies, we showed that the surface and bulk properties of hylan gels can be modified to enhance cell attachment and proliferation. The high an-ionicity of native long-chain HA is not conducive to cell attachment and thus limits the use of unmodified hylan gels as tissueengineering scaffolds. 7, 8, 33 In the current study, we observed that vascular cells respond differently to irradiated and nonirradiated control hylan gels. Although cells adhere sparsely to the unmodified gels, remain rounded and non-proliferative, and exhibit poor overall viability, they attach and proliferate robustly atop the g-irradiated gels and mostly exhibit their typical spindle-shaped morphology. However, more importantly, viability of the cultured cells on irradiated gels was high (98 % AE 2 %) even 1 week after seeding. These results show that irradiation with g rays alters the hylan gel surface and renders it more conducive to cell adherence, viability, and proliferation.
Factors that could influence cell attachment are surface charge and surface wettability (i.e., hydrophilicity). Negatively charged cells adhere far less strongly to substrates containing acidic or neutral groups than to those with basic (positively charged) groups. 34 Previous studies have shown that extremely hydrophilic surfaces are also thermodynamically unfavorable for cell attachment and protein deposition. 35 Despite possible introduction of hydrophilic polar groups on the gel surface by g, we have shown that the surface hydrophilicity decreases slightly, possibly because of the negating effects of HA chain fragmentation, partial loss of short HA fragments (and thence associated polar groups) from the surface, and disrupted pore structure that can reduce capacity to bind and entrap water. The creation of a less-hydrophilic (i.e., more hydrophobic) surface may now somewhat encourage the deposition of serum proteins from the culture medium that indirectly facilitate cell adherence. However, viewed in absolute terms, it is unlikely that the small increase in surface contact angle, induced by g, is alone responsible for eliciting greater cell binding, because the surface continues to be highly hydrophilic (i.e., small contact angle).
A factor that likely is key in influencing cell response to the gels is fragmentation of HA chains by g rays. As mentioned above, this can affect cell attachment through a net decrease in surface and bulk water sorption and entrapment. However, in addition, there is a key biochemical basis for the observed enhancement of cell responses. Previous studies in our laboratory [36] [37] [38] and others 39 have shown beyond doubt that shorter HA fragments and oligosaccharides have completely different biologic properties than long-chain HA. Although their effects on cells vary based on cell type, 40 in general, short HA fragments are more cell interactive and pro-mitotic than their long-chain counter parts. 7, 8 Long-chain HA, on the other hand, creates a pericellular coat around cells that prevents their interaction with other cells and surfaces and blocks their access to external signaling molecules. Our previous studies have shown that irradiation causes HA scission to generate random ladders of HA fragment sizes ranging from oligomers (4-20 disaccharides) to much larger sizes (e.g., 200 kDa). 7 Similar studies by Rehakova et al. 25 have also shown that g depolymerizes HA into smaller fragments. Thus, in situ fragmentation of HA atop and within hylan gels during irradiation creates shorter, more-bioactive HA fragments that can interact with more b AU11 and differently with HA cellsurface HA receptors (CD44) and elicit enhanced adhesion and proliferation of cells. Studies have shown that HA oligomers can cause clustering of cell-surface CD44 receptors to influence downstream pathways, including those affecting cell proliferation, in a manner different from that induced by long-chain HA. 41 The last sub-study b AU12 evaluated the effect of gel hydration on irradiation outcomes. Gels irradiated in a vacuum in a lyophilized state were found to exhibit better handling properties when reconstituted than gels irradiated in a hydrated condition. This supports our hypothesis that gel hydration plays a key role in determining the extent of material deterioration when irradiated with g rays. Such degradation likely has not been a concern during irradiation of collagen and other such tissues or synthetic polymers owing to their much lower levels of hydration (*65%) than HA hydrogels (>98%). 42, 43 A lyophilized state is therefore imperative to g-mediated modulating properties of hydrogels such as hylans.
Swelling ratios for gels reconstituted after irradiation in a lyophilized condition were consistently lower than the steady-state swelling ratios obtained for the same gel types when irradiated to the same dosage (6 kGy) in a hydrated state (5.63 AE 0.01 for F1 gels and 7.17 AE 0.05 for F2 gels). The former set of gels also appeared more compact and exhibited significantly better handling properties than the latter set and even than non-irradiated controls. We hypothesize that, in the absence of an aqueous environment within gels at the time of irradiation, the creation of OHfree radicals, as suggested in other studies, 26, 27 and their ionization-mediated disruption of HA networks is impeded and possibly curtailed completely. The decreased steadystate swelling ratios of the lyophilized-irradiated gels suggest 2 possibilities. The first is that weak Van der Waal-type bonds are created between HA chains during the irradiation MODULATION OF HYLANS WITH GAMMA process, which if not disrupted subsequently, could bring the HA molecules closer and prevent osmotic swelling caused by influx of NaCl solution. A second possibility is that native HA chains within the gels are depolymerized to create shorter HA fragments that have lower water absorption capacity. 25 Although the second theory may satisfactorily explain the co-observance of lower swelling ratios and material fragmentation in hydrated gels irradiated in an air atmosphere or irradiated to high doses in vacuum, it does not explain the better handling properties observed in the lyophilizedirradiated gels. Thus, we propose that irradiation of hylan gels in a dehydrated state does not result in significant depolymerization of HA.
F1 gels irradiated under vacuum in a lyophilized state contained smaller pore sizes than hydrated gels that received the same irradiation dose. Possible reasons for these differences may be the creation and preservation of new crosschain bonds in a non-aqueous environment that induces a more-compact assembly of the macromolecules and consequently smaller pore sizes and the absence of g-induced free radical-mediated disruption of the existing (DVS) and newly created crosslinks and HA chains in a water-free environment. However, the reverse trend observed with regard to F2 gels is an anomaly, which we are currently unable to provide a sound scientific basis for and one that requires further investigation.
CONCLUSIONS
In the current work, we have demonstrated that HA hydrogels, and likely other such ''natural'' hydrogels (e.g., chitosan, peptide gels), can be bio-modulated for cell culture and their physical and mechanical properties modulated as necessary using controlled irradiation with gamma. However, the true significance lies in our finding that successful irradiation outcomes for these materials are highly sensitive to and thus contingent upon parameters such as material hydration, not deemed particularly important with other less-hydrated substrates (e.g., collagen, gelatin) studied previously. 20, 44 We have also determined dose-specific modulation of the biologic, mechanical, and physical properties of hylan gels and the ''safe'' doses that can consistently modulate hylan gel properties as necessary and yet prevent random ionizing and other effects. Future studies will investigate the effect of the optimized irradiation parameters on dehydrated gels in greater detail.
